ABSTRACT: Ionic liquids (ILs) are investigated in many studies to capture CO 2 in recent years. However, almost all of these studies carried out the absorption of CO 2 by ILs at relatively low temperatures (lower than 333.15 K or even around room temperature). Besides, the viscosity of ILs increases dramatically after absorbing CO 2 , which could reduce the absorption efficiency significantly. Reversible and efficient absorption of CO 2 at high temperatures was investigated by IL of tetraethylenepentamine acetic acid ( Under all of the conditions, the negative value of ΔH sol indicated that the capture process is exothermic. The process of CO 2 capture described that using [TEPA]Ac/PEG-200 mixtures is a promising approach for CO 2 absorption with high reversibility and excellent absorption property at a relatively high temperature.
INTRODUCTION
The emission of CO 2 from fossil fuel combustion causes a serious effect to the environment and contributes to global warming and ocean acidification. Therefore, the concept of carbon capture and storage (CCS) has drawn considerable attention by the researchers during these years.
1,2 The carbon capture technologies, such as absorption, adsorption, and membrane gas separation technologies, are developed and applied worldwide.
3−8 Physical absorbents, such as monoethanolamine (MEA), can absorb CO 2 at high partial pressures and low temperatures, which have been used industrially for many years. However, during the regeneration process, large energy consumption was consumed and partial decomposition occurred. Adsorption materials, such as carbon-based sorbents (e.g., carbon molecular sieves) and metal oxides (e.g., CaO and Li 2 ZrO 3 ), have been used for CO 2 capture at a high temperature (above 300°C). For example, CaO can capture CO 2 at 600− 800°C with the mole ratio approach of 1.0 and regenerated at 800−850°C. In addition, the membrane is also a type of promising utilization of reversible material for CO 2 capture. The advantages of membrane absorption material are selective extraction of CO 2 from mixed gas streams and flexibility in their possible configurations in industrial plants. However, a common disadvantage of the membrane materials is their lack of stability under the application environment.
7−10 Therefore, seeking promising alternatives with low energy consumption and high stability to these solvents is desirable. Ionic liquid (IL) is a promising material regarded as a kind of environmentally friendly solvent, which processes some superior properties, for example, wide liquid temperature range, low vapor pressure, high thermal and chemical stability, and excellent solvent power. 11, 12 Recently, there is significant progress in the application of IL for CO 2 capturing.
Blanchard et al. 13 first reported that CO 2 could be absorbed by 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM] [PF 6 ] effectively, but the IL of [BMIM] [PF 6 ] could not be dissolved in CO 2 . After that, many researchers were engaged in the study of CO 2 capturing with IL.
14, 15 Bates et al. 16 synthesized a kind of IL by inducing a primary amine moiety and tetrafluoroborate anion to the structure of imidazolium cation and studied its property related to CO 2 absorption. Their results showed that the IL had a good effect on carbon absorption, and the molar absorption ratio of CO 2 /IL could approach 0.5. Galan Sanchez et al. 17 studied the absorption of CO 2 in different imidazolium-based ILs. They found that the efficiency of CO 2 absorption increased significantly by attaching basic groups to the structure of the ILs.
Gurkan et al. 18 reported that an equimolar amount of CO 2 could be absorbed by the IL with amino acid anion. Zhang et al. 19 synthesized the phosphonium-based ILs with various amino acid anions for carbon capture. When the ILs were saturated with CO 2 , the mole ratio of CO 2 /IL approached 1.0.
Although ILs have many attractive superiorities for CO 2 capturing, they still have some drawbacks that need to be modified, such as promoting the absorption capacity and decreasing the viscosity. 20, 21 Furthermore, the capacity of CO 2 absorption by the present ILs declined dramatically when the temperature elevated to 353.15 K. 22 Thus, their application for CO 2 capture and storage was limited at low temperatures, being less than 333.15 K or even at room temperature. 23, 24 However, the temperature of the flue gas is usually higher than room temperature and ranges from 353. 15 The procedure included the following steps: (1) 0.5 mol of TEPA and 150 mL of water were added to a 500 mL three-necked flask, which was placed in an ice−water bath with a magnetic stirrer.
(2) 0.5 mol of Ac was added dropwise from a pressure funnel to the flask over about 1.0 h. Then, the reaction continued for 8 h at 298.15 K. (3) After that, the water was removed by a rotary evaporator and dried under vacuum at 353.15 K for more than 48 h before use. After the drying process, the fractions of water were less than 0.5%, which was determined by Karl Fischer titration. ) with a magnetic stirrer, a gas reservoir (1000 cm 3 ), an oil bath, and a pressure gauge (0−1.0 bar) with an accuracy of 0.0005 bar. The temperature of the oil bath was controlled by the thermo controller.
In a typical experiment, about 5 g of [TEPA]Ac/PEG-200 was loaded into the equilibrium cell and degassed at 298.15 K under vacuum for at least 1 h. The mass of the absorbent was determined by the electronic balance. At a fixed oil bath temperature, the valve of V 3 was closed, V 1 , V 2 , and V 4 were opened, and the whole system was evacuated to pressure P 1 . Then, V 1 and V 4 were closed, and V 3 was opened. The gas reservoir was loaded with CO 2 from the gas cylinder until the pressure reached a scheduled value (P 2 ), which was closed to atmospheric pressure. After that, V 2 and V 3 were closed and V 1 was opened. Then, CO 2 was charged into the equilibrium cell and began being dissolved by [TEPA]Ac/ PEG-200 while stirring. It was assumed that equilibrium was reached after the pressure of the system had been constant for 3 h. The final pressure was recorded as P 3 . The equilibrium partial pressure of CO 2 was obtained as (P 3 − P 1 ). Then, V 1 was closed, and the mass of the cell was determined. The total CO 2 amount in the equilibrium cell was easily obtained by the mass of the cell with and without the charge of CO 2 .
Because the experiment was conducted at sub-atmospheric pressure and above room temperature, the mass of gaseous CO 2 in the equilibrium cell could be calculated on the basis of the ideal gas law. Therefore, the content of CO 2 in the absorbent could be calculated by deducting the mass of gaseous CO 2 from the total CO 2 amount.
In 
RESULTS AND DISCUSSION
3.1. Absorption and Desorption of CO 2 . On the basis of the mechanism for the ILs with amine to capture CO 2 reported in some literature, 19, 28 it can be proposed that the process of CO 2 absorption and desorption in [TEPA]Ac should follow the mechanism, as shown in Scheme 1. (Table 1) . Besides, the effect of the PEG-200 content on the capacity of CO 2 absorption by [TEPA]Ac was not significant, which indicates that the contribution of PEG-200 to the absorption of CO 2 is very limited. The reason is that CO 2 could hardly be absorbed by PEG-200 at ambient pressure. 29 However, PEG-200 played the role as a solvent for [TEPA]Ac and could increase the efficiency of CO 2 absorption significantly. In the desorption process, absorbed CO 2 can be easily released by bubbling dried N 2 through the solution. Besides, the results for 10 cycles of CO Figure 4 . It can be seen that no observed loss of absorption capacity was found during the 10 cycles, indicating that the absorbent can be completely regenerated.
3.2. Viscosity of the Hybrid Absorbent during the CO 2 Absorption. Although [TEPA]Ac/PEG-200 has excellent properties, such as good circulation performance and high CO 2 capacity at high temperatures, the viscosity of IL will increase with absorbing CO 2 just as the other IL-based adsorbents.
4,30
For example, the viscosity of [P 66614 ][Ala] increased from 450 to 53 000 mPa s after saturated with CO 2 (Table 1) 
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Article DOI: 10.1021/acs.energyfuels.6b03458 Energy Fuels XXXX, XXX, XXX−XXX (mass ratio = 1:3) before and after the CO 2 absorption was compared to other IL-based absorbents reported in the literature (Table 1) . It can be seen from Table 1 Table 2 . where x 1 and P represent the mole fraction of CO 2 in the absorbent and the equilibrium pressure, respectively. 3.4. Enthalpy and Entropy of Solution. The strength of the interaction between CO 2 and absorbent can be reflected by enthalpy (ΔH sol ), and the order degree changing of solution during the capture of CO 2 can be reflected by entropy (ΔS sol ); i.e., ΔH sol and ΔS sol are important thermodynamic parameters for the investigated system. ΔH sol and ΔS sol can be calculated through the following equations:
where x 1 is the mole fraction of CO 2 in the [TEPA]Ac/PEG-200 mixtures and R is the molar gas constant. In the system investigated in this work, ln P had a linear relationship with 1/T and ln T at fixed x 1 . For example, the dependence of ln P 1 upon 1/T at x 1 = 0.055 and W IL /W PEG-200 = 1:1 was shown in Figure 8 . Table 3 . Under all conditions, ΔH sol of absorbents has negative values, indicating that a large amount of heat is released during the 01 bar) . Moreover, the absorbents can absorb CO 2 effectively at a higher temperature, indicating that they have potential application to capture CO 2 from flue gas in the industry.
The [TEPA]Ac/PEG-200 mixtures with CO 2 absorbed can be easily regenerated by bubbling N 2 through the absorbents. No observed loss of absorption capacity was found during 10 absorption and desorption circulations, indicating that the absorbent can be completely regenerated.
The addition of PEG-200 significantly increased the CO 2 absorption efficiency of the absorbent.
The solubility of CO 2 in the [TEPA]Ac/PEG-200 mixtures decreased with an increasing temperature or a decreasing CO 2 partial pressure.
The CO 2 absorption in the [TEPA]Ac/PEG-200 mixtures is an exothermic process, and the ordering degree of the absorbent structure increases during the CO 2 absorption. 
